Abstract: Background: Due to its very low cost and availability of sodium, the sodium ion batteries (SIBs) can be the best alternative to the existing lithium-ion batteries (LIBs). The search for a novel anode candidate is the key hurdle associated with SIBs.
INTRODUCTION
The cellular phones, laptop computers, camcorders, and hybrid electric vehicles are becoming an essential part of our life, which is giving birth to the key issues related to the energy conversion and storage. By virtue of their high energy densities, long lifetime and as replacements for fossil fuels, lithium-ion batteries (LIBs) are the main preference for the expansion of renewable energy technology [1] [2] [3] [4] . However, due to the limited availability and exponential rise in the price of Li make it a less demanding material to be used in batteries. Fortunately, sodium ion batteries (SIBs) can be the best alternative to the LIBs due to the similar electrochemical system, non-toxicity, greater availability and lower cost [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, selecting a proper anode material for SIBs is a hard task. As the Na atom has bigger radius than Li, so it is difficult to intercalate the Na into graphite [14] [15] [16] . Moreover, the limited storage capacity of graphite (35 mAh/g) hinders its use as anode material in SIBs [17] . Therefore, a proper and efficient anode material plays a key role in the advancement of LIB and SIB technologies [17] .
Graphene, by virtue of its excellent adsorption, dielectric and transport properties, can possibly be a potential anode material as Na can be adsorbed on both sides [18] [19] [20] [21] [22] [23] . Moreover, a report on SIBs with rGO as anode material can be found in reference [24] . Unfortunately, ions adsorbed on graphene form clusters resulting in dendrite formation, which can cause a serious degradation in the charge/discharge capacity. However, there are certain methods which can cope with this issue. Some of them are the alteration of graphene surface [25] , point defects [26] , edge [27] , grain boundary [28] , doping and commendatory synergistic effects [29] [30] [31] [32] [33] [34] [35] . Among these, substitutional doping is the easier technique as many of the properties such as electronic [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , thermal [50] , magnetic [39, 51] , mechanical [36] , transport [36, 52] , and reactivity [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] can easily be modified with doping. These modifications result in the better novelty of graphene-based systems concerning to their applications. Moon et al. [66] discussed the mechanism of Na adsorption on graphene and rGO. Wan et al. [67] reported the Na adsorption upon pristine, defective, and boron doped graphene. Yao et al. [68] argued that the adsorption of Na on vacancy and boron doped graphene is favorable with an adsorption energy of 3.4 and 2.7 times greater than that of pristine graphene, respectively. Ling and Muzino [7] proposed a very efficient B doped graphene (BC 3 ) as anode material for SIBs.
In this work, we have used the Be-doped graphene to investigate the adsorption of Na atoms. The good (poor) adsorption of Na upon B (N) doped graphene compelled us to test the interaction of Na with Be-doped graphene as Be is far more efficient than B in terms of charge transfer (p-type doping) in graphene [45] . According to our interesting results, the practical use of Be-doped graphene as the anode material is just a matter of time.
DETAILS OF COMPUTATION
First-principles vdW-DF [69] spin-polarized calculations were performed with the help of SIESTA code [70, 71] to study the Na interaction with Be-doped graphene. The double zeta basis set with polarization function (DZP) was selected. The split norm was set to 0.15, while the orbital confining-cutoff was fixed to 0.01 Ry. The interaction between valence electrons and ionic cores were described by Troullier-Martins norm-conserving pseudopotentials [72] . A 5 x 5 supercell was sampled with 8 x 8 x 1 k points. The periodic boundary condition was applied in all the directions with allowing the cell to relax in xy-axes, while the z-axis was kept frozen at 20 Å. A denser kpoints grid (40 x 40 x 1) was selected for the density of states (DOS) calculation. The conjugate gradient algorithm (CG) was used for the geometry optimization with convergence criteria of 0.02 eV/Å.
For comparative purpose, we carried out M06-2X calculations [73] as implemented in Gaussian 2009 [74] to shed light into the charge distribution when Na is adsorbed onto Be-doped graphene. The basis sets selected were 6-311G* [75] because smaller basis sets gave incorrect charge distributions as reported by us [61] . The advantage of M06-2X is that the exact exchange is included in it, which is difficult in the periodic calculations. We selected a circumcoronene model (C 54 H 18 ) to mimic graphene in the M06-2X experiment. Na was adsorbed on the central part of perfect and Bedoped circumcoronene. Vibrational frequencies were calculated for all the calculations performed with M06-2X which confirmed that they are minima in the potential energy surface.
RESULTS AND DISCUSSION

Na and its Interaction with Pristine Graphene
The adsorption energy calculation is a useful method to study the stability of adsorbate on the surfaces. We used the following expression to give an account on the adsorption of Na upon graphene systems:
where, E tot , E sheet , and E Na are the energies of graphene systems (doped/undoped/defective) with Na ions, pristine/doped/defective graphene systems, and isolated Na, respectively.
Initially, one Na ion is adsorbed on the hollow site of a 5 x 5 graphene unit cell. The adsorption energy of Na is calculated to be -0.672 eV/Na, which is consistent with the values calculated with different level of theories (-0.71 [68] , -0.507 [66] , -0.88, -0.63, -0.70 [76] . The stable adsorption means that the adsorption energy of Na on graphene must exceed the cohesive energy of bulk Na to prevent the dendrite formation of the ions. For this purpose, we calculated the cohesive energy of bulk Na (body-centered cubic) using the following formula:
where, E i , and n i are the energy and total number of ith specie(s). The cohesive energy of bulk Na was calculated to be -1.078 eV/Na, agreeing well with reported values (-1.07eV/Na [77] , -1.08 eV/Na [76] , and -1.13 eV/Na [78] . The lattice constant a was found to be 4.225 Å, which is inline with the experimental (4.22-4.29 Å) [79, 80] and theoretical (4.05-4.24 Å) [77, 81, 82] values. This shows that Na ions will form clusters, and therefore, the adsorption of Na on graphene is unlikely.
Interaction of Na with Be-doped Graphene
As the adsorption of Na on pristine graphene suggests that it will not be a stable anode material, and therefore, we moved towards Be-doped graphene. We studied the adsorption of Na on both the sides of Be-doped graphene, as the protrusion of Be from the plane of graphene makes the two sides of graphene unequal. The distance between Na and Be in the up and down configurations was observed to be 2.66 Å, and 2.58 Å, correspondingly. Furthermore, the Na stays on the hexagon in the up configuration, while in the down configuration, the Na migrated towards the Be and relaxed just underneath Be. This behavior was the same as reported for Li [83] . The adsorption energy of Na on the same (up) and opposite (down) sides of the protrusion was -1.783 eV/Na, and -2.045 eV/Na, respectively. This shows more than 3 times increment in the adsorption energy of Na compared to the pristine case. As for the M06-2X/6-311G* calculations performed with the circumcoronene model, we observed a similar trend. In effect, the adsorption energy of Na onto circumcoronene was 0.45 eV, while for Na adsorption below Be in Be-doped circumcoronene, it was 2.86 eV, more than six times larger than for pristine circumcoronene. Therefore, in the presence of Be, we can confirm a dramatic increase in the interaction between Na and graphene. We have confirmed that the Be-doped circumcoronene model with and without Na adsorbed underneath have all real vibrational frequencies, thus confirming the stability of the structures.
For the adsorption of two Na ions, we covered almost every possibility. The selected patterns are both the Na up, Na down, one Na up and one down in the same ring, and one Na up and one down in the different rings. The latter two cases show a clear preference over the former two cases as suggested by their adsorption energies. This means that greater the separation between Na-Na ions, the higher will be the adsorption energy. Around one Be center, there are three hexagons, which can accommodate three Na ions on either side (a total of six). For the adsorption of six Na ions, the adsorption energy was -1.479 to -1.544 eV/Na, for different configurations. For the extreme case studied i.e. ten Na ions, Fig. (1) . contd... (3) . Electronic bands structures of (a) Be doped graphene and (b) Na adsorbed graphene. the adsorption energy was as good as -1.06 eV/Na. We didn't go beyond this level as the adsorption energy reached the cohesive energy of bulk Na. However, further adsorption of Na ions was possible but this can severely affect the charge/discharge rate. These geometric structures can be seen in Fig. (1) .
To investigate how Na storage is influenced by the presence of defects, we studied the adsorption of Na on a double vacancy Be-doped graphene as can be seen in Fig. (2) . As Be stays in the plane of a divacancy graphene, the separation between Na and Be is as large as 2.91 Å. The adsorption energy (-1.78 eV/Na) is the same as calculated for Be-doped mono-vacancy graphene (up case), while lower than the down case. However, with increasing concentration of Na, the adsorption energies were found to be better than their mono-vacancy counterparts. Additionally, the four dangling bonds around Be atoms provide a room for four Na ions on either side (a total of 8 Na ions). The adsorption energy for this case is as high as -1.163 eV/Na. The Na adsorption capacity vs the adsorption energy is plotted in Fig. (7) . 
Chemical Analysis (Charge Transfer)
For the charge transfer between Na and graphene sheet (pristine/doped/defective), we calculated the Mulliken, Hirshfeld, and Voronoi charges. For Na adsorption on pristine graphene, the Mulliken charge analysis showed a charge transfer of 0.504e from Na to graphene. The Hirshfeld charge of Na is also positive with a bit lower value of 0.431e. The introduction of Be in graphene caused the redistribution of charges [45, 46] . The Mulliken and Hirshfeld charges of Na, when adsorbed on Be-doped graphene (down case), were +0.633e, and +0.480e, respectively. In the case of the circumcoronene model, the M06-2X/6-311G* calculations indicated that the Mulliken charges of Na and Be were +0.94 and +0.32e. The Natural Bond Order analysis indicated a similar charge for Na but for Be, it increased to +0.75e. Additionally, to support these results, we also calculated the Voronoi charges, which revealed that a charge of 0.487e is transferred from Na to graphene system. For Na adsorption on divacancy graphene doped with Be, the charge of Na was found to be a bit higher than their mono-vacancy co-equal parts. Moreover, all of these charge analyses showed that a significant amount of charge shifted from Na to Be-doped graphene. However, with increasing concentration of Na, a reduction in the charge transfer occurred from Na to the slab. Furthermore, Hirshfeld and Voronoi charges gave nearly the same results, where the values of Mulliken and NBO charges were a bit higher than both the former analysis.
Electronic Properties
The introduction of Be in graphene sheet caused an indirect band-gap opening of 0.49 eV at Fermi level and a direct gap opening of 0.41 eV around Dirac point. Moreover, the Fermi level also shifted downward by almost 1 eV from Dirac point (see Fig. 3a) , These results are in a good accordance with our prior investigations [45] . In addition to this, we calculated the electronic band structure of Na adsorbed graphene and found that Na did not induce significant changes in the band structure of graphene except for an upward shift of 1eV of the Fermi level as shown in Fig. (3b) , a value which is similar to that observed for Li-doped graphene [84] , at the same level of theory. This upward shift of the Fermi level is in accordance with the charge transfer from Na to graphene. However, an extra energy band was induced at Fermi level. The adsorption of Na changed the semiconducting behavior of Be doped graphene to metallic one. Furthermore, the gap around Dirac point reduced to 0.33 eV, and 0.30 eV for up and down configuration, respectively. For two Na ions, small values of the band-gaps opening (0.017-0.163 eV) were observed at Fermi level. Furthermore, the PDOS calculations disclosed that the conduction band minimum (CBM) comes from the DOS of Na atoms. The increasing concentration of Na ions induced some extra energy bands and caused the Fermi level to shift upward. From the PDOS calculations, it is clear that for lower concentration, the Na ion(s) contribute to the total DOS only in the conduction band. As the Na concentration increases, the range of discrete peaks of Na in the total DOS also increases with some contribution in the valence band as well. For ten Na ions, the PDOS of Na takes the form of continuous peaks spreading over a wide range of up to -1 eV in the valence band. All these band structures and PDOS graphs are depicted in Fig. (4) .
We also calculated the electronic structures of Na adsorbed on a divacancy graphene doped with Be. Initially, we compared the band structures of an undoped divacancy graphene with the doped (Be) one. The undoped structure has a large band-gap (indirect) opening of 0.467 eV as shown in Fig. (5a) . The introduction of Be reduced the band-gap opening to 0.156 eV (see Fig. (5b) ). Moreover, the band-gap opening was calculated to be a direct one. For one Na adsorption, the band structure is half-metallic as a gap (indirect) of 0.494 eV is observed for spin down channel only. The Na atom is contributing to the total DOS in the conduction band near the 1 eV energy range as can be seen from the pDOS graph. By increasing the Na concentration, the peaks of Na spread in the conduction band and start shifting towards the valence band. For 8 Na ions, there is a very high peak from the Na atom in the valence band at an energy range of 0.9 eV. All these graphs are plotted in Fig. (6) . A summary of the results is shown in Table 1 .
Electrochemical Analysis
In order to give an account of the electrochemical performance of our anode material, the storage capacity is calculated with the following expression:
E (eV) Fig. (7) . The adsorption energies of Na on Be doped graphene (half-filled blue sphere), and Be doped defective graphene (half-filled green triangles) are plotted with a reference value of adsorption energy of Na on pristine graphene (half-filled red square) and cohesive energy of bulk Na. Isomers with higher stability are plotted. where, n is the adsorbed charge(s) (Na ions), F and M is the Faraday constant and the molar mass of the Be doped graphene, respectively. The term
is used for the unit conversion (from coulomb to mAh). The theoretical Na storage capacity of Na 10 BeC 49 , Na 8 BeC 48 , Na 6 BeC 17 , and Na 8 BeC 17 was calculated to be 448.522 mAh/g, 366.178 mAh/g, 754.266 mAh/g, and 1005.688 mAh/g, respectively. The value 1005.688 mAh/g is far more better than that of graphitic carbon (~35 mAh/g) [17] , hard carbon (~300 mAh/g) [85] , NaBC 31 (~70 mAh/g) (7), and even highly B doped graphene, NaBC 3 (~762 mAh/g) [7] . Our maximum calculated capacity was nearly 2.7 times that of the graphite anode (in LIBs), and 3.35 times that of the hard carbon (in SIBs).
The following formula is used to calculate the sodiation potential ( !" ):
According to this equation, V Na of Be doped graphene decreased from 2.045-1.06 V as the concentration of Na ions increased from 1 to 10. For Na 8 BeC 17 ; V Na was calculated to be 1.26 V. These values are better than that calculated for BC 3 [7] structure. It should be noted that when the Be concentration increased from 2 to 5.55 %, an enhancement occurred in the efficiency of the anode.
CONCLUSION
We proposed a promising material, Be-doped graphene, as an efficient anode contender for SIBs. The M06-2X calculations show that the adsorption of Na can be enhanced 6 times by the introduction of Be. One Be center in graphene sheet can provide a room for up to 10 Na ions. For Na 8 BeC 17 , the calculated storage capacity was found to be 1005.688 mAh/g with a V Na potential of 1.26 V. This value of storage capacity is 2.7 times that of graphitic carbon in LIBs (~370 mAh/g), and 3.35 times that of hard carbon in SIBs (300 mAh/g). The V Na is in good range in order to evade the security concerns caused by the dendrite formation. Moreover, the addition of Na did not induce any significant change in the lattice of Be doped graphene, which may be favorable for better cyclability. All these interesting properties propose that Be-doped graphene can be a better choice for the anode material in SIBs, and demand for its early synthesis. With the terrific advancement in the experimentation, we hope that Be-doped graphene will soon be a practical anode for SIBs.
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